Abstract: Within the last 3-4 years, evidence has accumulated to indicate that hemoglobin proteins exist widely in the plant community. This review presents some of the evidence to support this view and describes some of the properties of a barley hemoglobin. Barley hemoglobin has a strong avidity for oxygen, having an oxygen dissociation constant for oxyhemoglobin of 3 nmol L -1 . It is induced under low oxygen tensions, with the induction regulated by ATP, or some consequence of ATP action. Experiments with transformed maize cells indicate that hemoglobin acts to improve the energy status of plant cells under low oxygen stress. It is postulated that hemoglobin acts as an oxygenase in plants. The review is a consequence of a
Introduction
The intent of this short review is to provide an overview of the progress over the past 3 years on the chemistry and physiology of nonsymbiotic hemoglobins in plants, with particular reference to barley hemoglobin. As such, it neglects a large body of important work on plant hemoglobins in general that may be of interest to readers. Fortunately, an excellent, comprehensive review of the origin and function of hemoglobin in plants can be found in a paper by Appleby (1) .
A brief history of nonsymbiotic hemoglobin in plants
While hemoproteins have been recognized in mammals for centuries, the existence of hemoglobins in plants is a relatively recent phenomenon. Kubo (2) was the first to describe a plant hemoglobin in soybean root nodules, when he presented the absorption spectra of the isolated protein and concluded that it acted to assimilate and transport oxygen in the nodules. It is now recognized that this leghemoglobin is involved in regulating oxygen supply to nitrogen-fixing bacteria (3) . Similar "symbiotic" plant hemoglobins have been found in a number of plant species that undergo symbiotic association with microorganisms. The recognition that "nonsymbiotic" hemoglobins exist in plants is a phenomenon of the last decade. Table 1 presents a summary of the species that have been shown to contain such hemoglobins along with the journal references describing the findings. Much of the work up to 1994 originated from the Australian team of Appleby, Dennis, and Peacock. The first suggestion of the possible existence of hemoglobins in nonsymbiotic plants came from work with Parasponia, a member of the Ulmaceae, that has a symbiotic association with Rhizobia and possesses a single gene that encodes a protein having both a symbiotic and a nonsymbiotic function (4) . Using a Parasponia hemoglobin cDNA clone, Landsmann et al. (4) detected related sequences in Trema, a non-nodulating member of the Ulmaceae family. Pursuing this observation, the same group demonstrated hemoglobin expression in Trema (5) showing, for the first time, the expression of hemoglobin in a non-nodulating plant. This finding made it apparent that plant hemoglobins exist more widely than previously thought and that they might have other functions beyond their involvement in symbiotic relationships. A number of investigations followed, none of which were successful, to determine whether the protein was more universally expressed in plants (1) . Most of the difficulty, as it turned out, was due to the poor crosshybridization of the cDNA probes derived from symbiotic plant hemoglobins with nucleotides isolated from nonnodulating plants. The breakthrough came with the serendipitous discovery of the presence of hemoglobin in barley and a number of other monocots (6) , which was the first demonstration of the expression of a hemoglobin in a monocot. In the same year, reports appeared of the existence of two genes coding for nonsymbiotic hemoglobins in rice (7) and for the presence of a hemoglobin in the chloroplasts of the algae Chlamydomonas rheinhardi (8) . Since then, hemoglobin nonsymbiotic genes have been found in a number of legumes (9) . We have unpublished data that demonstrate the expression of analogous genes in Avena fatua and in both flooding-tolerant and flooding-sensitive Echinochloa, while the Australians are examining two hemoglobin genes in Arabidopsis (10; 11). The accumulated evidence provides strong support for the widespread distribution of nonsymbiotic hemoglobins in plants. Andersson et al. (9) have constructed a protein similarity tree based on published sequences for symbiotic and nonsymbiotic hemoglobins. Symbiotic and nonsymbiotic hemoglobins cluster in two distinct groups, while within the nonsymbiotic hemoglobins, the monocots and dicots form separate clusters. Nonsymbiotic hemoglobins from different species have greater similarity than a nonsymbiotic and symbiotic hemoglobin from the same species. This suggests that the ancestral precursor of these hemoglobins existed prior to the divergence of the two types. The authors suggest that it is likely that nonsymbiotic hemoglobins predate the more specialized symbiotic hemoglobins. The properties of the nonsymbiotic hemoglobins from monocots would support this hypothesis.
Some properties of barley hemoglobin
Isolated barley hemoglobin is a homodimer with a subunit molecular mass of 18.5 kDa. Each subunit possesses a heme chromophore giving spectral characteristics of a Soret band at 412 nm with visible bands at 540 and 576 nm (12) that are typical for oxygenated hemeproteins. The protein is expressed in the aleurone and embryo of the caryopsis, and in the roots of the plant under conditions of limited oxygen availability (6).
In the aleurone layer, hemoglobin transcription is induced at atmospheric oxygen levels of about 5%. Two enzymes that are implicated in anaerobic metabolism, alcohol dehydrogenase (ADH) and lactate dehydrogenase (LDH), are induced at higher oxygen levels, suggesting that hemoglobin expression may be induced independently of ADH and LDH. The gene is induced rapidly in barley aleurone layers, with increased transcription becoming evident within 0.5 h and maximum expression occurring after about 12 h of placing the tissue under a nitrogen atmosphere. Increases in hemoglobin protein are apparent within 6 h. Hemoglobin message and protein revert to normal atmospheric levels within 24 h of returning the cells to atmospheric conditions.
The role of nonsymbiotic hemoglobins
Analogous to other systems in which hemoglobin is present, it is logical to propose that nonsymbiotic hemoglobins might act as oxygen carriers, to facilitate diffusion; as oxygen sensors, to regulate the expression of proteins during periods of hypoxia or anoxia (1); or as terminal oxygenases in cell metabolism (13) . To determine how barley hemoglobin fits these possible roles, let us examine the chemical and physiological properties of the molecule relative to each hypothesis.
Hemoglobin as an oxygen carrier
To act as a carrier, or to facilitate diffusion, the hemoglobin molecule must be present in sufficient quantities to make it effective in delivering oxygen in quantities that maintain the energy demands of the cell. Table 2 compares hemoglobin abundance in barley roots with leghemoglobin in soybean root nodules or myoglobin in mammalian muscle, two forms of hemoglobin that act to facilitate diffusion of oxygen. To be effective in the diffusion of oxygen, the carrier concentration must be high enough to create a gradient that supplies oxygen faster than the rate of diffusion of free oxygen. The concentrations of mammalian myoglobin are from 5 to 60 times our estimates of the concentration of hemoglobin in barley roots, while those of soybean leghemoglobin are even higher. Myo- globin concentration in heart muscle exceeds oxygen concentration by 30 fold, while soybean leghemoglobin exceeds oxygen concentration by 10 000 fold (13) . In both of these systems, a goodly portion of the supplied oxygen is carried by the hemoglobin. Assuming a ratio for barley hemoglobin of 30 fold, as exists in muscle cells for myoglobin, this would require a free oxygen concentration of less than 1 µM before hemoglobin became effective in oxygen diffusion. The kinetics of oxygen binding to barley hemoglobin are also unfavorable for the molecule to facilitate O 2 diffusion to sites requiring oxygen for oxidative metabolism ( Table 3 ). The K m for oxygen of cytochrome oxidase is approximately 100 nmol L -1 , whereas the dissociation constant of barley oxyhemoglobin is about 3 nmol L -1 , indicating that hemoglobin would be completely ineffective in providing oxygen to the mitochondrial respiratory process. No other known oxidases have a K m sufficiently low to make use of this oxygen. Furthermore, the rate of deoxygenation of barley hemoglobin is too slow (0.027 s -1 ) to maintain oxygen concentrations sufficiently high to be effectively used in an enzymatic reaction. If barley hemoglobin does act in this fashion, the rate of release of oxygen is likely to be modified by interaction with some other molecule. Amongst the known hemoglobins, only the hemoglobin of Ascaris, a perienteric worm, has a lower oxygen dissociation constant and a slower deoxygenation rate than barley hemoglobin. The worm lives in oxygen-poor intestinal folds of mammals and, interestingly, its hemoglobin gene possesses three introns per domain (14) , as is characteristic of plant but not animal globin genes. The physiological role of Ascaris hemoglobin has not been established (15).
Hemoglobin as a sensor of oxygen
There have been two globin proteins from bacteria, FixL (16) and Hmp (17) , that have been proposed as oxygen sensors. Both have a heme domain but, in addition, FixL possesses an protein kinase domain while Hmp has a flavoprotein domain with NADH oxidase activity. The evidence for FixL being an oxygen sensor is strong. As oxygen concentrations decline, the protein kinase is activated, phosphorylating a transcriptional activator leading to the expression of critical nitrogen-fixation genes. A critical factor in determining the effectiveness of an hemoglobin oxygen sensor is the concentration of oxygen at which it becomes appreciably deoxygenated, which is reflected in the dissociation constant of the oxyhemoglobin. FixL has an oxygen dissociation constant of 50 µM (16), while the value for Hmp is about 2 µM (18). With barley oxyhemoglobin having a dissociation constant of 2.9 nmol L -1 (Table 3) , the molecule will remain oxygenated at oxygen concentrations far below those at which anaerobic processes are activated. Acting alone, therefore, it does not seem likely that barley hemoglobin would be effective as an oxygen sensor. In addition, the concentration of hemoglobin in hypoxic or anoxic barley cells is in the neighborhood of 5-20 µM (Table 2) . This would appear to be largely in excess of what should be required for a sensing protein.
Finally, barley hemoglobin gene transcription appears to be regulated by ATP, or a product of ATP action and not directly by O 2 availability (19), which does not appear consistent with a hypothesis in which it acts as an oxygen sensor. This would require theorizing that barley hemoglobin is induced after ATP declines as a result of oxygen starvation, i.e., after the cell has already discovered that it is lacking oxygen.
All of the above arguments do not preclude the possibility that a protein interacts with this hemoglobin to modify its properties, or that there is a second hemoglobin with appropriate properties allowing it to act as an oxygen sensor.
Hemoglobin as a terminal oxidase or oxygenase
Many hemoproteins act as electron transfer proteins. Our observations (12) suggest that barley hemoglobin is very stable when complexed with ligand. It becomes highly reactive as the ligand is removed, i.e., at oxygen concentrations approaching (20) . This value, and the known properties of leghemoglobin, would suggest that barley hemoglobin does not act as an electron transfer protein, at least with any of the common metabolites present in the plant cytoplasm. The molecule is more likely to function in the oxygenated form in nature. Some of our recent work (21) on the metabolism of maize cells transformed with constructs containing sense and antisense barley hemoglobin strongly indicate a role for hemoglobin in glycolytic metabolism in plants. Transformed cells are indistinguishable in their growth pattern from wild type cells during aerobic growth, although the pH of the medium after several days of growth is higher. Cells overexpressing hemoglobin protein have lower ADH activities than either wild type cells or cells in which hemoglobin synthesis is suppressed. After 12 h exposure to a nitrogen atmosphere, there are very distinct changes in adenine nucleotide levels in the cells. Cells where hemoglobin protein synthesis is suppressed have lower ATP and higher ADP levels than wild type cells, whereas cells overexpressing hemoglobin have higher ATP and lower ADP levels than wild type cells. We have also observed that CO 2 evolution is lower in cells overexpressing hemoglobin than in wild type cells.
A hypothesis on the metabolic function of nonsymbiotic hemoglobins Figure 1 gives a generalized summary of the fate of glucose as it is metabolized aerobically and anaerobically in the cell, along with two possible routes by which hemoglobin may be involved in hypoxic metabolism. Under aerobic conditions, glucose is totally oxidized to CO 2 via mitochondrial respiration, optimally yielding 38 moles of ATP per mole of glucose oxidized. During anaerobic metabolism, only 2 moles ATP are formed per mole of glucose converted to pyruvate and the flux of carbon through glycolysis must be substantially increased to maintain ATP levels. Turnover of NADH, which is normally oxidized through oxidative phosphorylation, limits glycolytic flux. It is classically argued that to regenerate NADH formed in glycolysis, pyruvate is converted to lactate by lactate dehydrogenase, or ethanol by pyruvate decarboxylase and alcohol dehydrogenase. The action of pyruvate decarboxylase releases CO 2 during anaerobic metabolism. How do nonsymbiotic hemoglobins, such as barley hemoglobin, fit into this process? Because of its avidity for oxygen, barley hemoglobin will exist as oxyhemoglobin, even at very low oxygen tensions. The low oxygen tension could occur as a result of changes in the gaseous environment, but could also occur because of high mitochondrial respiration within the cell. Acting in conjunction with another protein, perhaps a flavoprotein, barley oxyhemoglobin could function as an oxygenase, oxidizing NADH in much the same manner as the bifunctional flavohemoglobin (Hmp) of Escherichia coli (22) , to maintain glycolytic ATP synthesis, as an alternative pathway to ethanol or lactate formation (Fig. 1) . Alternatively, oxyhemoglobin may interact with pyruvate, or some product of pyruvate, to oxidize NADH and form some unknown product. Invertebrates make use of alternative pathways, except that they are anaerobic, producing more ATP per mole of substrate than traditional fermentation pathways (23) . The advantage for the plant, in either case, would be reduced formation of potentially toxic products in the cell and (or) more rapid turnover of NADH through the hemoglobin pathway. In our experiments using cultured maize cells with suppressed hemoglobin synthesis, ATP levels declined in N 2 atmospheres, indicating that cells are unable to completely compensate for lowered hemoglobin levels by using these other pathways. This would favor an explanation involving a more efficient turnover of NADH or, alternatively, a more efficient production of ATP under low oxygen tensions when hemoglobin is available.
Hemoglobin and hypoxic acclimation of maize root tips
The process of acclimation of maize root tips to low oxygen tension may involve the induction of hemoglobin synthesis. Maize root tips, when exposed to anoxic conditions, undergo a number of metabolic changes. There is an immediate decline in steady state ATP levels (24), followed by increased lactate synthesis, leading to increased cytoplasmic acidosis and, eventually, cell death (25; 26) . Ethanolic fermentation provides a small amount of ATP from the onset of anoxia through to the point of cell death (24) . Tolerance to anoxia improves if the tissue is acclimated by exposure to hypoxic conditions (27; 28) . Acclimation results in an increased energy charge and a reduction in the rate of cytoplasmic acidosis (29) . Nonacclimated root tips show a decline in glycolytic rate (as measured by formation of lactate and ethanol) after 60-90 min exposure to anoxia, whereas hypoxic root tips show a sustained glycolytic rate (30) . The sustained glycolytic rate appears to be due to a rise in hexokinase activities brought about by decreased inhibition resulting from a higher cytoplasmic pH and ATP content (31) . Experiments with barley aleurone layers have shown that hemoglobin transcription and protein synthesis is induced very rapidly (6), easily within the time span of acclimation of maize root tips. Assuming a similar induction in maize root tips, maize hemoglobin would be fully functional after hypoxic acclimation and, as shown in cultured in maize cells, would be capable of maintaining the root's energy status during anoxia. It is highly likely that acclimation of maize root tips to low oxygen tensions is the result of induction of nonsymbiotic hemoglobin synthesis within the cells of maize roots.
Summary and future directions
Nonsymbiotic hemoglobins are widely distributed in the plant kingdom. Based on their strong avidity for oxygen, they are unlikely to act as an oxygen sensor or to facilitate oxygen diffusion. It is postulated that nonsymbiotic hemoglobin acts as an oxygenase and, in conjunction with a flavoprotein, oxidizes NADH to maintain glycolysis and the energy status of the cell. Nonsymbiotic hemoglobins are induced by declines in the energy status of the cell brought about by low oxygen tensions.
This may be the start of a new chapter of our understanding of the glycolytic metabolism and the evolutionary history of hemoglobins. Early life on the planet existed in an oxygen-poor environment and the existence of a hemoglobin with a strong avidity for oxygen could have provided an evolutionary advantage to an organism. Much is lacking in our understanding of the chemistry and biochemistry of nonsymbiotic hemoglobins. The crystal structure of the molecule may provide information on whether a cleft exists to interact with another molecule. Isolation of native protein may show the presence of heteromers containing hemoglobin and another protein. Physiologically, information is needed on the flow of glycolytic intermediates, the fate of NADH, and the stoichiometry of ATP formation under low oxygen tensions to understand the role of hemoglobin in glycolytic metabolism. Finally, direct evidence is needed on whether nonsymbiotic hemoglobin has an effect on whole plant growth and survival under low oxygen tensions.
